Diabetes-induced cognitive decline has been recognized in human patients of type 2 diabetes mellitus and mouse model of obesity, but the underlying mechanisms or therapeutic targets are not clearly identified. We investigated the effect of caloric restriction on diabetes-induced memory deficits and searched a molecular mechanism of caloric restrictionmediated neuroprotection. C57BL/6 mice were fed a high-fat diet for 40 weeks and RNA-seq analysis was performed in the hippocampus of high-fat diet-fed mice. To investigate caloric restriction effect on differential expression of genes, mice were fed high-fat diet for 20 weeks and continued on high-fat diet or subjected to caloric restriction (2 g/day) for 12 weeks. High-fat diet-fed mice exhibited insulin resistance, glial activation, blood-brain barrier leakage, and memory deficits, in that we identified neurogranin, a down-regulated gene in high-fat diet-fed mice using RNA-seq analysis; neurogranin regulates Ca 2þ /calmodulin-dependent synaptic function. Caloric restriction increased insulin sensitivity, reduced high-fat diet-induced blood-brain barrier leakage and glial activation, and improved memory deficit. Furthermore, caloric restriction reversed high-fat diet-induced expression of neurogranin and the activation of Ca 2þ / calmodulin-dependent protein kinase II and calpain as well as the downstream effectors. Our results suggest that neurogranin is an important factor of high-fat diet-induced memory deficits on which caloric restriction has a therapeutic effect by regulating neurogranin-associated calcium signaling.
Introduction
Cognitive decline in type 2 diabetes mellitus (T2DM) has been shown in both human patients and experimental animal models. 1 Multiple mechanisms such as metabolic dysfunction, vascular abnormalities, neuroinflammation, and synaptic degeneration have been shown to influence the cognitive decline in genetic-or diet-induced obesity. [2] [3] [4] However, finding effective therapeutic targets is difficult due to the complexity of disease pathology.
Diabetes induces blood-brain barrier (BBB) leakage and neuroinflammation, which causes brain ischemic changes and atrophy. 5 Cognitive function was impaired in rats of a high-energy diet and disruption of BBB integrity was observed in the hippocampus. 6 Diabetes has also changed directly the hippocampal synaptic function. A genetically obese db/db mice exhibited reduced levels of microtubule-associated protein 2 and dendritic spine density. 7 Overactivity of glycogen synthase kinase-3b (GSK-3b) caused by impaired insulin signaling in diabetes produces hyperphosphorylation of tau and alters neuronal structure and synaptic function. 8, 9 Inhibition of GSK3b activity restores hippocampal long-term potentiation (LTP) that is impaired in db/db mice. 10 Altered insulin and insulin-like growth factor expression in Alzheimer's disease (AD) brains is associated with reduction in choline acetyltransferase expression. 11 BBB leakage and vascular abnormalities may precipitate synaptic dysfunction in early stages of neurodegeneration and cognitive decline becomes manifest in T2DM patients. 12, 13 Calcium homeostasis is altered in diabetes and a causal relationship of hyperglycemia and calcium dysregulation has been reported in key insulin-responsive organs (skeletal muscle and liver) as well as heart and brain; the pathways are dependent on the activation of Ca 2þ /calmodulin (CaM)-dependent protein kinase II (CaMKII) which was induced by mitochondrial reactive oxygen species, Ca 2þ release from ER, and/or hyperglycemia-induced O-linked glycosylation. [14] [15] [16] Calpains, cysteine proteases, are also involved in metabolic dysfunction associated with diabetes 17 where hyperglycemia induces intracellular Ca 2þ overload and calpain activation. However, the molecular mechanisms of hippocampal Ca 2þ dysregulation and cognitive deficits associated with hyperglycemia have not been determined. 18 Due to the role of Ca 2þ /CaM signaling in synaptic plasticity, a variety of factors in dentritic spines of hippocampal neurons are considered to regulate cognitive function. Neurogranin (Ng) is abundantly expressed in cortical and hippocampal neurons and particularly localized at dendritic spines. 19 Ng is a CaM-binding protein and recruits Ca 2þ /CaM signaling to postsynaptic regions, where Ng potentiates N-methyl-D-aspartate receptor (NMDAR)-mediated synaptic transmission. 20 Ng knockout mice exhibit a severe deficit in LTP induction and poor performance in spatial learning tasks, whereas Ng overexpression in CA1 neurons enhances synaptic strength and LTP induction. 20, 21 Caloric restriction (CR) is the most robust nongenetic metabolic intervention that treats age-related diseases and increases lifespan in different model organisms. 22 The beneficial effects of CR or CR mimetics are through reducing metabolic and oxidative stress, inflammation, and neurodegeneration. 23, 24 CR increases hippocampal dendritic spine density and neutrophin levels in db/db mice. 25 CR prevents aging-associated Ca 2þ dysregulation in CA1 pyramidal neurons and may protect against synaptic dysfunction in aged animals, 26 which may explain the beneficial effect of CR on diabetes-induced memory deficits.
In this study, we investigated molecular mechanisms of CR-mediated neuroprotection by regulating Ca 2þ signaling. We showed in the RNA-seq analysis that Ng was down-regulated in the hippocampus of HFDfed mice and we explored whether Ng signaling is involved in diabetes-induced cognitive dysfunction and benefits of CR. Here we report that CR improved diabetes-induced cognitive deficits by regulating Ngassociated Ca 2þ signaling.
Materials and methods

Human subjects
The case-control study was conducted at Gyeongsang National University Hospital (GNUH) from January 2011 to July 2013 and approved by the local IRB (IRB No. 2013-12-014). Written consent was obtained from all participants. A total of 55 patients with T2DM (average disease duration 7.91 AE 6.35 years) and 64 normal subjects with normal cognitive status were enrolled in the study (Supplementary Table 1 ). None of the subjects had abnormal neurologic signs or symptoms or a history of neurologic or psychiatric illness. Patients with T2DM receiving antidiabetic treatments were included, but patients who were receiving insulin treatment or had uncontrolled hyperglycemia, complicated diabetes, or history of severe and frequent hypoglycemic events were excluded.
Assessment of cognitive functions and brain structural changes
Cognitive function was assessed using Korean version Mini-Mental State Examination (K-MMSE), clinical dementia rating, and Geriatric Depression Scale (GDS). All tests were performed by one trained clinical neuropsychologist at GNUH. Sixtyfour percent (n ¼ 35) of T2DM patients and 58% (n ¼ 37) of normal subjects underwent brain MRI scans (1.5 Tesla, Siemens, Erlangen, Germany). Axial T2 and T1, fluid-attenuated inversion recovery (FLAIR) images (5 mm thick), and coronal T1weighted images (1.5 mm thick) were obtained. The ischemic changes were rated separately by two neurologists using the Scheltens scale on axial T2 or FLAIR images. 27 The atrophy of medial temporal lobe in T1-weighted coronal images was rated using the Scheltens scale. 28 
HFD-induced obesity and CR animal model
Male C57BL/6 mice (three weeks old) were purchased from KOATECH (Pyeongtaek, South Korea) and maintained in the animal facility at Gyeongsang National University (GNU). Animal experiments were performed in accordance with the National Institutes of Health Guidelines on the Use of Laboratory Animals. The Animal Care Committee for Animal Research of GNU approved the study protocol (GNU-130306-M0021). Mice were housed in a 12 h light/12 h dark cycle. For HFD-induced obesity model, mice were divided into two groups (n ¼ 15 per group) at four weeks of age and fed either a high-fat diet (HFD, 60 kcal% fat, 5.24 kcal/ g, Research Diets, Inc., New Brunswick, NJ) or normal standard diet chow (ND, 2018S, 3.1 kcal/g, Harlan Laboratories, Inc., Indianapolis, IN) for 40 weeks. For CR model, mice were divided into three groups (n ¼ 15 per group) at four weeks of age and fed either a HFD or ND for 20 weeks. Mice were transferred to individual cages and continued on the HFD or subjected to caloric restriction (CR, 2 g/day of HFD) for 12 weeks. The total caloric intake of CR diet was comparable to that of ND (p ¼ 0.23) and the total caloric intake of HFDþCR was restricted to $70% of the HFD. 29, 30 Mice were weighed monthly and before sacrifice.
Glucose tolerance test (GTT) and insulin tolerance test (ITT)
GTT and ITT were performed as previously described. 15 Briefly, D-glucose (2 g/kg, Sigma-Aldrich, St. Louis, MO, USA) or insulin (0.75 U/kg, Humulin-R, Eli Lilly, Indianapolis, IN, USA) was injected and blood glucose was measured before and after the injection using an Accu-Chek glucometer (Roche Diagnostics GmbH, Mannheim, Germany).
Measurement of serum metabolic parameters
Mice were anesthetized with zoletil (5 mg/kg, Virbac Laboratories, Carros, France) and blood samples (n ! 8 per group) were collected transcardially. Serum glucose, aspartate aminotransferase, alanine aminotransferase, free fatty acids, and total cholesterol levels were determined in Green Cross Reference Laboratory (Yongin-si, South Korea). Serum insulin, leptin, and adiponectin (n ¼ ! 8 per group) were measured using mouse insulin (Shibayagi Co., Gunma, Japan), leptin (Crystal Chem Inc., IL, USA), and adiponectin (Shibayagi) enzyme-linked immunosorbent assay kits.
Tissue collection and sample preparation
For tissue analysis, mice (n ¼ 6 per group) were anesthetized with zoletil (5 mg/kg, Virbac Laboratories) and perfused by 4% paraformaldehyde in 0.1 M PBS. After 6 h of fixation, the brains were sequentially immersed in 15 and 30% sucrose at 4 C until they sank. The brains were sliced into 40 mm coronal sections. Liver and epididymal fat pads were processed for paraffin embedding, sliced into 5 mm sections, and stained with H&E (Sigma-Aldrich). The sections were visualized under a BX51 light microscope (Olympus, Tokyo, Japan).
Fluoro-Jade B Staining
To evaluate neurodegeneration, Fluoro-Jade B (FJB; Chemicon International, CA, USA) staining was performed according to the manufacturer's instructions. FJB-positive degenerating neurons were visualized under a confocal microscope (FV-1000, Olympus) as green fluorescent cells.
Double immunofluorescence
The frozen free-floating brain sections were incubated with primary antibodies (Supplementary Table 2 ), and after washing, the sections were incubated with Alexa Fluor 488-and 594-conjugated donkey anti-rabbit or anti-mouse secondary antibodies (Invitrogen, CA, USA). Fluorescence was visualized under a confocal microscope (FV-1000, Olympus).
Immunohistochemistry
After serum blocking, frozen brain sections were incubated with primary antibodies (Supplementary Table 2 ) and then with secondary biotinylated antibodies. After washing, sections were incubated in avidin-biotinperoxidase complex solution (Vector Laboratories, Burlingame, CA, USA) and developed with diaminobenzidine (Sigma-Aldrich). The sections were dehydrated through graded alcohols, cleared in xylene, and mounted.
Western blot analysis
Proteins were extracted from hippocampal tissues as described. 31 Proteins were separated via electrophoresis and transferred onto membranes. Proteins were immunoblotted with primary antibodies (Supplementary Table 2 ) and visualized using ECL substrates (Pierce, Rockford, IL, USA). The Multi Gauge V 3.0 image analysis program (Fujifilm, Tokyo, Japan) was used for band densitometry.
Morris water maze test
Morris water maze test was performed as previously described. 31 Briefly, mice (n ! 10 per group) were trained to find a hidden platform as four trials per day for four consecutive days. The escape latency was recorded by a video-tracking program (Noldus EthoVision XT7, Noldus Information Technology, Netherlands).
Next generation sequencing (NGS)-based RNA-seq analysis C&K genomics (Seoul, South Korea) performed preparation of RNA-seq library, sequencing, and bioinformatics analysis. Briefly, sequencing was performed by Illumina HiSeq2000 and the quality-filtered reads were aligned to Mus_musculus genome (GRCm38) from Ensembl database. The R package DESeq 32 was used to find differentially expressed genes (DEGs) (p < 0.01) which were then converted to official gene symbols and grouped by a common biological property according to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses. The enriched GO terms were used to functionally cluster DEGs which were then filtered (p < 0.05). The RNA sequencing data from this study have been deposited under the NCBI Project Accession Number: PRJNA261860.
Quantitative real-time reverse-transcription PCR
Total RNAs were isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reversetranscribed using the RevertAid TM First-Strand cDNA Synthesis Kit (Fermentas Inc., Hanover, MD, USA). Real-time RT-PCR was performed using the ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). PCR amplifications were performed using the SYBR Green I qPCR kit (TaKaRa, Shiga, Japan) with specific primers: 5 0 -TCCAAGCC AGACGACGATATT-3 0 and 5 0 -CACACTCTCCGCT CTTTATCTTC-3 0 for mouse Ng (GenBank: NM_ 022029), and 5 0 -TGACCACAGTCCATGCCATC-3 0 and 5 0 -GACGGACACATTGGGGGTAG-3 0 for mouse Gapdh (GenBank: NM_001289726).
Statistics
For the human study, IBM SPSS statistics 21 was used. The T2DM was treated as a dichotomized variable. Continuous variables were analyzed using independent t-test or Welch-Aspin test, and categorical variables were analyzed using Pearson 2 -test. For the mouse study, Student's t-test or two-way ANOVA followed by Bonferroni post hoc analysis was used.
Results
Cognitive function and brain structure of T2DM patients
We accessed clinical characteristics and cognitive functions in 55 patients diagnosed with T2DM and 64 normal subjects (Supplementary Table 1 and Table 1 ). Overall scores obtained by K-MMSE and GDS were not different between T2DM and normal subjects (Table 1) . However, T2DM patients had significant deficits in visuospatial function assessed by Rey Complex Figure Test copy, memory function assessed by Seoul Verbal Learning Test-delayed recall (SVLT-DR), and frontal/executive function assessed by contrast program (P2 < 0.05; P2, p-value adjusted for age, gender, education, and hypertension).
To relate the cognitive functional deficits to structural changes in the brains of T2DM patients, MRI was performed. Representative Scheltens ischemic scales on T2-weighted and FLAIR axial images are displayed in Supplementary Figure 1 . T2DM patients displayed severe ischemic changes in lobar white matter hyperintensities and infratentorial foci relative to normal subjects (P2 < 0.05) ( Table 2 ). Total Scheltens ischemic scores were also higher in T2DM patients than in normal subjects (P2 < 0.05) and there was a significant correlation between the SVLT-DR and ischemic changes (r ¼ À0.4, p < 0.05).
Memory deficits and BBB leakage in HFD-fed mice
To investigate molecular mechanisms of the diabetesinduced cognitive decline observed in human study, mice were fed a HFD for 40 weeks to induce obesityinduced diabetes (Supplementary Figure 2 ). The body weight and fasting blood glucose levels were higher in HFD-fed mice than in ND-fed mice ( Supplementary  Figure 2 (a) and (b)), and the insulin and glucose tolerances were impaired in HFD-fed mice ( Supplementary  Figure 2 (c) and (d)). HFD-fed mice exhibited hypoadiponectinemia, hyperinsulinemia, and hyperleptinemia ( Supplementary Figure 2 (e) to (g)). The chronic HFD feeding significantly increased expression of proteins involved in inflammation, glial activation, and BBB leakage, which was confirmed by western blotting of inflammation markers, high-mobility group protein B1, receptor for advanced glycation endproducts, tolllike receptor 4, and COX-2 ( Supplementary Figure 3 (a) and (b)). The glial activation and BBB leakage were confirmed by western blotting of Iba-1, glial fibrillary acidic protein, IgG, and vascular endothelial growth factor (VEGF) ( Supplementary Figure 3(c) and (d) ). The phenotype of HFD-fed mice agreed with the brain ischemic changes present in T2DM patients.
Differential gene expression in the hippocampus of HFD-fed mice
To identify molecules responsible for diabetes-induced cognitive deficits, we conducted NGS-based RNA-seq analysis and examined hippocampal gene expression profiles in ND-and HFD-fed mice. We identified 90 DEGs (p < 0.01) and clustered them functionally by GO and KEGG pathway analyses (Figure 1(a) and (b)). The down-and up-regulated genes by HFD feeding are listed in Supplementary Table 3 . We found two down-regulated genes in Ca 2þ /CaM-dependent signaling; Ng and CaMKII inhibitor 2 (Camk2n2). Ng is a CaM-binding protein that recruits Ca 2þ /CaM signaling at dendritic spines and the reduced Ng expression in HFD-fed mice may alter intracellular Ca 2þ /CaM dynamics. 33 The reduced expression of Camk2n2, an endogenous CaMKII inhibitor, 34 may induce aberrant activation of CaMKII. We further examined Ng expression in mRNA and protein levels that were decreased in the hippocampus of HFD-fed mice (Figure 1(c) and (d) ). The immunofluorescence staining of Ng showed a decrease of neuron-specific Ng expression in the CA1 region of HFD-fed mice (Figure 1(e) ).
Effects of CR on metabolic phenotype in HFD-fed mice
CR decreases obesity-induced metabolic stress and the CR effect on diabetes-induced cognitive deficits was investigated. We first examined the metabolic phenotype of HFD-fed mice with and without CR (2 g/day) (Figure 2(a) ). The total caloric intake of 2 g of HFDþCR mice is comparable to that of ND group (p ¼ 0.23). The total calorie intake of HFD-fed mice was 52.8 AE 1.6% (P < 0.05) higher than ND-fed mice and the total calorie intake of HFDþCR mice was restricted to 67.2 AE 4.5% (P < 0.05) of the HFD mice ( Supplementary Figure 4) . Body weight was significantly lower in HFDþCR mice than in HFD-fed mice and was similar to the level of ND-fed mice (Figure 2(b) ). However, nonfasting blood glucose was not significantly different among the groups (Figure 2(c) ). The weights of liver and perirenal fat were significantly lower in HFDþCR mice than in HFD-fed mice (Figure 2(d) ), and the sizes of liver and perirenal fat in HFDþCR were similar to them in NDfed mice (Figure 2(e) ). The lipid accumulation in hepatocytes and the macrophage infiltration in adipocytes of HFD-fed mice were significantly reduced by CR (Figure 2(f) ). ITT and GTT demonstrated that HFDþCR mice improved in blood glucose regulation compared with HFD-fed mice (Figure 2(g) and (h) ). In addition, CR significantly reversed serum metabolic parameters in HFD-fed mice ( Table 3 ).
Effects of CR on glial activation, BBB leakage, and memory deficits in HFD-fed mice
We examined whether CR has a protective effect on HFD-induced glial activation and BBB leakage by western blot analysis (Figure 3(a) and (b) ). CR reduced the HFD-induced expression of Iba-1 (Figure 3(a) ). We found a slight increase in the size of Iba-1-expressing cells in the hippocampus of HFD-fed mice; however, there was no dramatic morphological changes shown in activated phagocytic microglia-maximally immune responsive microglia ( Supplementary Figure 5(a) ). The number of microglial cells was significantly increased ($10%, p < 0.05) in HFD-fed mice and reduced by CR treatment (Supplementary Figure  5(b) ). CR also reduced HFD-induced expression of IgG and VEGF indicating that CR may reduce glial activation and BBB leakage (Figure 3(b) ). We also examined GSK-3b which is highly activated in many neurodegenerative diseases. 9 The level of phosphorylated GSK-3b, the inactive form was decreased in HFD-fed mice and was reversed by CR (Figure 3(c) ). We further examined the CR effect on memory deficits in HFD-fed mice. In the Morris water maze test, HFDþCR mice exhibited reduced escape latencies during training trials and increased the time spent in the target quadrant during probe tests, compared with HFD-fed mice (Figure 3(d) and (e) ). The swimming trajectories demonstrated more directed movements to the target quadrant in HFDþCR mice than in HFDfed mice where the trajectories were spread out over all quadrants (Figure 3(f) ). The swim speed analysis showed no significant difference among the groups during four days of training trials and probe tests ( Supplementary Figure 6(a) ). This indicates that the results are not due to the delayed movements of HFD-fed mice. We also analyzed the distance moved during training days in Supplementary Figure 6(b) . The distance moved by HFD-fed mice was not significantly reduced along the training days (p ¼ 0.23), indicating that HFD-fed mice were delayed in learning. ND-fed and HFDþCR mice showed a significant decrease in the distance moved along the training days (p < 0.05).
The results suggest that CR improved the spatial learning and memory deficits induced by HFD.
Effects of CR on the expression of Ng and downstream proteins in HFD-fed mice
To investigate the molecular mechanism of CR on diabetes-induced cognitive deficits that are mediated by Ng signaling, we examined the expression of Ng and downstream proteins. CR reversed the HFD-induced decrease in Ng to the levels of ND-fed mice (Figure  4(a) ). Ng-positive cells were examined in the CA1 hippocampal neurons (Figure 4(b) ). Ng immunoreactivity was significantly reduced ($30%, p < 0.05) in HFD-fed mice and recovered by CR (ND 100 AE 5.07%, HFD 70.5 AE 8.35%, and HFDþCR 99.2 AE 5.56%). We additionally performed FJB staining to detect neurodegenerating neurons present in HFD mice compared with ND or HFDþCR mice; however, there was no sign of neurodegeneration in the hippocampus of HFD mice (data not shown). The gross morphology of hippocampus and NeuN staining was not altered by HFD. The results indicate that reduced Ng expression is not due to neuronal loss.
The phosphorylated CaMKII (p-CaMKII) that are activated by Ca 2þ was abnormally increased in HFDfed mice and decreased by CR (Figure 4(c) ). The reduced expression of Camk2n2 may also contribute to the abnormal CaMKII activity in hippocampus of HFD-fed mice. The activity of calpain, a Ca 2þ -dependent cysteine protease, was accessed by the cleavage of p35 to p25 (Figure 4(d) ) and the fragmentation of a-spectrin (Figure 4(e) ). The activity of cAMP responsive-element binding (CREB)-1, a downstream effector of p-CaMKII was also accessed by the phosphorylation levels (Figure 4(f) ). The p25, a-spectrin fragment, and phosphorylated CREB-1 levels were all increased in Table 3 . Serum metabolic parameters in ND-fed and HFD-fed mice with and without CR. The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated from the fasting blood glucose (mmol/l) Â fasting plasma insulin (mU/ml) divided by 22.5. Data are presented as the mean AE SEM. * P < 0.05 for HFD-fed versus ND-fed mice, y P < 0.05 for HFDþCR versus HFD-fed mice.
HFD-fed mice, which were reversed by CR. The results suggest that CR attenuated the HFD-induced up-regulation of Ca 2þ -dependent signaling and stimulation of CaMKII and calpain activity.
Discussion
This study demonstrated the mild cognitive impairment (MCI) and correlative ischemic changes in T2DM patients and consistently in HFD-fed mice that showed significant memory deficits and molecular changes associated with glial activation and BBB leakage. To search molecular targets associated with diabetes-induced cognitive deficits, we performed RNA-seq analysis in the hippocampus of HFD-fed mice. Ng was down-regulated by HFD feeding and further investigated due to its synaptic function. CR treatment improved HFD-induced memory deficits and BBB leakage and normalized Ng expression and associated calcium signaling. These findings suggest that CR improves diabetes-induced cognitive deficits by attenuating Ng-associated calcium signaling. In this study, T2DM patients showed significant cognitive decline, in particular, the memory, visuospatial, and frontal/executive dysfunction. There was ischemic brain change, but no atrophy in the medial temporal lobe of the T2DM patients, suggesting that these individuals have MCI rather than dementia. The ischemic changes are derived from vascular abnormalities often caused by abnormal structure and function of BBB, the permeability of which is significantly altered in diabetes, which causes insufficient transport of metabolites and signaling molecules and neuronal energy failure. 5 Consistently, HFD-fed mice showed significant memory deficits and increased BBB leakage and glial activation; the defects were normalized by CR treatment.
T2D often coexists with other metabolic disturbances that increase risk of cognitive impairment, such as hypertension and dyslipidemia. Several studies have shown that hypertensive patients with T2D have pronounced cognitive dysfunction on neurological tests compared to normotensive diabetic patients. 35 Cognitive performance is also correlated with glucose tolerance status in the elderly, suggesting that improving glucose control may reduce cognitive decline. 36 However, intensive blood pressure control, hypolipidemic agents, and glucose lowering medication do not always reduce cognitive decline because the synaptic and vascular changes are often irreversible. 37, 38 The T2D patients in our study had relatively well-controlled glucose, lipids, and blood pressure, which minimized diabetes-related comorbidities. Overall scores of K-MMSE and GDS tests were not significantly different in T2D patients than in healthy controls, although the former exhibited deficits in memory function as measured by SVLT-DR (P2 < 0.05). However, multiple indicators of memory function were significantly low in T2D patients before adjusting for age, gender, education, and hypertension (P1 < 0.05). Further analysis of MRI and neuropsychological test results from large patient samples may elucidate function-specific ischemic changes and variable-dependent neurological phenotypes in T2D patients. We performed RNA-seq analysis to identify DEGs associated with diabetes and cognitive dysfunction. The differential expression of Ng in the hippocampus of HFD-fed mice was noteworthy in that Ng regulates synaptic function and may explain HFD-induced memory deficits. There is a clear correlation with the Ng levels and cognitive function as previously shown in Ng knockout mice and overexpression studies. 20, 21, 39 Ng is decreased in the hippocampus of mouse models and patients with AD, 40, 41 and was consistently downregulated in the hippocampus of HFD-fed mice that performed poorly in Morris water maze test. The Ng level was restored to normal after CR treatment. Thus, diabetes-induced cognitive deficits may be closely associated with the reduced expression of Ng. CR may reduce metabolic stress and restore Ng expression to improve Ng-mediated synaptic function.
Ng is a protein kinase C substrate and the activity is regulated by phosphorylation 42 ; however, there was no change in the level of phosphorylated Ng in our study (data not shown). However, we found a significant induction of CaMKII and calpain activity in the hippocampus of HFD-fed mice. CaMKII binds to and phosphorylates tau and amyloid precursor protein, being involved in the neurofibrillary degeneration of AD. 43 Aberrant CaMKII activation has previously shown in ATRX mutant mice that mimic a human mental retardation disorder; the pathology depends on the activation of Rac1-guanine nucleotide exchange factors, CaMKII substrates, which induces abnormal actin polymerization during dendritic spine formation. 44 The endogenous CaMKII inhibitors specifically block CaMKII activity and regulate CaMKII and NMDAR association during memory formation. 45 Calpain is abnormally activated in AD brain and calpain inhibitors have shown to improve memory and synaptic transmission. 46, 47 We speculate that calpain activation in the hippocampus of HFD-fed mice also contributes synaptic dysfunction and memory deficits.
A chronic change in neuronal Ca 2þ homeostasis in the hippocampus of HFD-fed mice is associated with hyperglycemia-induced metabolic dysfunction 48 ; however, the direct targets are unknown. Our data showed a dramatic induction of phosphorylated CREB-1 levels in the HFD-fed mice, suggesting that the expression of CREB-1 target genes is affected. Neuropeptide Y and the receptors or neurotrophic factors have been reported as the CREB-1 targets and known to regulate food intake and energy homeostasis. 49, 50 We suggest that the phosphorylated CaMKII aberrantly activates the transcriptional activity of CREB-1 and induces metabolic dysfunction in HFDfed mice. We speculate that Ng interacts with CaMKII and modulates the activity of CREB-1 signaling pathway. Consistently, a previous study reported that a single-nucleotide polymorphism that was strongly associated with T2DM interacts with CaMKII and triggers CREB-1 phosphorylation and induction of the downstream target genes. 51 The molecular mechanisms involved in CR-mediated cognitive improvement are largely unknown; however, CR-induced mild neuronal stress response may stabilize key molecules in synaptic plasticity and neurogenesis and protect from various stresses (e.g. oxidative stress, mitochondrial and ER stress, and toxic protein accumulation). 52 Thus, CR may attenuate age-dependent cognitive functional decline and neurodegeneration. Here, we suggest that CR improves HFDinduced memory deficits by up-regulating Ng expression and this action involves a reduction of CaMKII and calpain activity and the downstream signaling that may regulate neuronal metabolism, survival, and plasticity, on which the molecular details need to be further investigated. The CR-mediated Ng-Ca 2þ pathways provide new targets for developing therapeutic strategies for metabolic diseases, neurodegeneration, and aging.
